INTRODUCTION
Missions to the outer planets have to face two important limitations which constrain their operability and their scientific payload. On the one hand, the necessary propellant mass for the capture and, on the other hand, the scarcity of power generation. Both of these have had an important impact on the design of previous missions to Jupiter. The search for solutions to avoid these handicaps led to the proposal of the Jupiter Icy Moons Orbiter mission which enhanced as compared to the performance of former missions. JIMO would have used a small nuclear reactor to overcome the weak electrical power generation and to power ion electric thrusters, improving mission manoeuvering. The cancelation of this mission means the problem is still open and fosters the proposal of alternative new concepts.
In this scenario, the consideration of electrodynamic tethers appear to be a suitable solution since they can target both limitations simultaneously. Firstly, in Peláez and Scheeres 1, 2 , a new strategy to provide power in a permanent manner using electrodynamic tethers is fully described and analyzed for a jovian orbit. Furthermore, the utilization of electrodynamic tethers to perform the capture manoeuvre has been studied in several articles. Gallagher et al. 3 presents a numerical computation of spacecraft trajectories assuming a given attitude for the tether and an "ad hoc" model of the current collection. Besides, they consider retrograde captures and provide a study of the possible thermal side effects on the cable. In turn, Sanmartin and Lorenzini 4 give a fully analytical estimation of an electrodynamic tether's performance and the main parameters involved in a prograde capture with an accurate model of the current collection as well as some simplifications concerning the geometry of the trajectory and the attitude of the tether. In this work the concept of the drag sphere was presented, inside of which the tether produces drag while outside of which it can generate thrust. In van Dijk et al. 5 a complete study of the electrodynamic force capabilities of electrodynamic tethers in the jovian environment is developed. The attitude is considered here in detail, though the results are applied only to circular orbits. Finally, Sanmartin et al. 6 is an essential report gathering almost all the important concepts regarding the capture manoeuvre at Jupiter. Nevertheless, it is focused only on rapidly rotating tethers, and therefore obviates the attitude dynamics.
In this paper, the feasibility of using electrodynamic tethers to overwhelm the constraint imposed by the capture manoeuver is analyzed from a broader point of view. In order to achieve that goal, a comprehensive model is derived, gathering the relevance of the attitude dynamics in the jovian capture as well as keeping the accuracy of the environmental models. Some formerly proposed strategies are reviewed in the light of this model and a new capture method is studied based on the SBET (Self Balanced Electrodynamic Tether) concept.
The main characteristic of SBETs is that they avoid the instabilities associated with the attitude dynamics in inclined orbits. In the near Earth environment, SBETs have proven its capability to stabilize electrodynamic tethers, combining high tether intensities with no perturbation torques, and, therefore, with a stable attitude state. This property allows the tether to work aligned with the local vertical which represents an important benefit in terms of current collection efficiency in addition to the desired attitude stability. The consideration of the former criterion lead to the utilization of tethers without insulation, called bare tethers since this solution solves the problem of anodic contact in highly rarified plasma.
The next section is devoted to describing the manoeuvre and the tethered system, comparing the models used with those applied in previous studies. The following sections are aimed to define in detail the complete dynamical model which is used in the analysis of the jovian capture. According to the attitude strategy chosen to perform the capture manoeuvre, the study will be split into rotating and non rotating tethers. For the particular case of rapidly rotating tethers, a specific formulation is proposed. Then, the control options of non rotating tethers are explored in detail, arriving to the establishment of a control strategy. Lastly, a thermal analysis of the cable has been performed. The high currents the tether would provide produce the heating of the cable due mainly to ohmic effects. This element can be a limiting factor of the allowable current which can be borne. Considering this fact, the operational limits for both rotating and non rotating tethers are established.
DESCRIPTION OF THE TETHERED MANOEUVRE
The electrodynamic tether generates drag only in a fraction of an arc of the whole trajectory. Due to this, the tethered system will follow a hyperbolic trajectory during the first part of the manoeuvre, within the validity of the patched conic approximation. This initial hyperbolic orbit can be defined completely by means of the arrival velocity, v ∞ , the radius of the periapsis, r p , and the orbital plane * . All the foregoing studies, as well as the present, have considered an equatorial plane for the capture manoeuvre since it represents the most effective solution in terms of the electrodynamic work which can be provided. Additionally, the initial relative velocities which have been considered vary from 5.64 km/s of the minimum-energy transfer from the Earth (ignoring the inclination of Jupiter's orbit with respect to the ecliptic) in Sanmartin et al. 6 to 6 km/s in Sanmartin and Lorenzini 4 and to 6.854 km/s of a previous concept space mission in Gallagher et al. 3 In this article we will consider arrival velocities of 1.0 and 1.2 times the velocity of the Hohmann transfer.
On the other hand, the considered radius of periapsis varies from 1.01 R J (from a proposed mission Radio Science Observer) in Gallagher et al. 3 to 1.5 R J in Sanmartin and Lorenzini. 4 In * By definition of the jovian reference frame, ω + Ω = 0 retrograde capture orbits, there are no constraints on this parameter, but in prograde orbit it is necessary that the perijove is inside the drag sphere (generally speaking, since for hyperbolic orbits the stationary radius is not defined). From the results of these articles, it can be deduced that the radius of periapsis is a decisive parameter in the design of Jovian capture trajectories. In the current work we will explore the results obtained for the radius of periapsis between 1.0 R and 2.0 R .
Regarding the computation of electrodynamic forces, it is necessary to establish a model for current collection. The interaction among a conductive tether, the ionosphere and magnetic field of a planet like Jupiter can lead to the generation of an intensity inside the cable. In a frame orbiting with the tether, there exists an electric field given by:
where v SC and v pl are the inertial velocities of the spacecraft and the plasma, respectively. This field can drive a current inside the tether. The study of the mechanisms which determine the tether current collection is out of the scope of this analysis. Still, it should be clarified that the intensity through the cable will be different as a function of the anodic contactors used. There are, basically, two procedures to collect electrons, a balloon at the anodic end of the tether (then the collection follows the Parkers-Murphy current), or a bare tether 4, 6, 5 (then the collection takes place in the orbital-motion-limited (OML) regime, as long as some conditions regarding the transversal tether dimensions are fulfilled) * . The latter has been chosen as the preferable option, as it has been discussed before.
In the OML regime, the evolution of the current intensity along the tether is governed by the following equation 7 :
where R is the tether radius, n ∞ is the electron plasma density, e is electron charge, m e is the electron mass and Φ p is the tether-plasma bias. Therefore, current collection depends on the differential potential between the cable and the surrounding plasma, and hence, it is necessary to compute its evolution considering the motional electric field along the cable, E m , and the ohmic losses due to the intensity. The statement of the full set of differential equations which models the current collection is presented in Sanmartin and Ahedo 8 and Martinez-Sanchez and Sanmartin 9 . The statement of this problem is completed with boundary conditions at both ends where an hypothetical load for power generation and the voltage drop at the cathodic end appear. As a result, a system of differential equations with boundary conditions must be solved to obtain the current and bias profile along the cable.
Regarding the environment of Jupiter, the magnetic field is generally considered as a no-tilt dipole 6, 5 whose characteristics are described in Divine and Garret 10 . Nevertheless, in Gallagher et al. 3 , a more complex model 11 is followed. On the other hand, to determine the charge population the work of Divine and Garret 10 is generally used. Still in Gallagher et al. 3 a simplified version of a more extended model 12 has been considered. For a deep discussion about the jovian environmental conditions related to the operation of electrodynamic tethers see Sanmartin et al. 6 , chapter 3.
Tether Model
The Dumbbell model will be used to describe the tethered system. This model allows to provide a first approximation of the system behavior. The tether is supposed to be a conductive rod with mass m t and length L t , connecting two end masses m 1 (the lower mass)and m 2 (the upper mass). Instead of m 1 , m 2 and m t the parameters m, the total mass, χ and Γ has been used to describe the configuration of mass, being their definitions:
The maximum and minimum values of χ are reached when m 1 = 0 and m 2 = 0, respectively. Then χ is defined in the interval [χ min , χ max ] whose values are given by:
In turn, the value of the moments of inertia respect to the direction of the cable is assumed to be zero. For any other perpendicular direction the value of the moment of inertia is I s . Expressed in terms of the parameters of the geometry of mass, I s is equal to:
The more restrictive assumption of the Dumbbell model for the case of study is the hypothesis that the tether remains straight, since important lateral forces are acting during the capture trajectory.
MOTION OF THE CENTER OF MASS
In this section a description of the dynamics of the center of mass is derived in terms of the osculating orbital elements of the trajectory. This characterization allows us to provide further insight on the manoeuvre as well as develop an easy numerical implementation.
Before exposing the detailed derivation of the dynamical equations, it is necessary to present the model used for the electrodynamic force acting upon the tether. The electrodynamic force which appears on a tether element, F ds ed , can be computed as:
where I(s, r, v, q,˙ q) is the current along the tether, B(s, r) is the magnetic field at the tether element, u( q) represents the unit vector in the direction from the cathode to the anode, s is the variable along the tether and r, v, q,˙ q is the state of the system * . In order to simplify that expression, some hypothesis are made:
• Both the magnetic field and the velocity do not vary along the tether: B(s, r) ≈ B( r), v(s, r) ≈ v( r).
• The trajectory takes place in the equatorial plane and the tether motion is contained in this plane. Therefore, u is a function only of an angle: φ. Expressed in cylindrical coordinates: u = cos φ u r + sin φ u θ . A scheme of the angles involved in the analysis can be seen in Figure 1 . * q and˙ q stand for the variables used to represent the attitude of the tether.
• The intensity along the tether is computed as the average in a given instant:
• The magnetic field is a non titled dipole: B( r) = B(r) u z * Hence, the Lorentz force is written as:
The averaged intensity along the tether can be modeled as a function of the state of the system using the OML regime model as it is presented in Sanmartin et al. 6 . According to this model,
where σ c is the conductivity of the tether material, d t and h t are the width and the thickness of the tape, respectively and i av is a function of ℓ t which is a non dimensional value proportional to the tether length and Ω t which is a non dimensional value proportional to the electric load of the tether. The latter parameter is free and can be used as a control variable. In turn, E m is the motional electrical field projected on the tether direction, being its value:
Imposing the dipole moment description of the magnetic field:
The value of B(r) in Jupiter will be negative, due to the dipole orientation. Nevertheless, as it will be showed later, the electrodynamic force is proportional to B(r) 2 and its sign only changes the direction of the intensity along the tether.
the final result for the electrodynamic force as a function of the position, velocity and the angle φ
Nevertheless, we are interested in expressing the dynamics in terms of the osculating orbital elements. Moreover, the description must be valid for all the conics since the initial trajectory is a hyperbola and the final target trajectory is an ellipse. The radial and longitudinal velocity as well as the radius of all conics can be described as a function of the osculating orbit elements as follows:
where e is the eccentricity, θ the true anomaly and h the specific angular momentum. For convenience, the specific angular momentum will be considered instead of the semi-major axis hereafter. Furthermore, if we take into account that the velocity of the plasma is v pl = r Ω u θ * , where Ω is the angular velocity of the sideral rotation of Jupiter. The final expression for the electrodynamic force acting on the tether is:
where
Dynamics
The tether is considered to be rigid, therefore we should analyze the motion of a rigid body respect to a inertial frame Jx 1 y 1 z 1 . Let r = r(t) be the position vector of the center of mass of the tether in the inertial reference frame Jx 1 y 1 z 1 . Hence, the equations of motion can be expressed as:
where F p is the perturbation force, defined as the resultant of all the external forces acting in the system except for the main term of the gravitational potential. We will consider the electrodynamic force as the only perturbation force F p = F ed . Under the assumptions enumerated in the previous paragraph, the Lorentz force has the form gathered in (7) . Substituting the preceding expression in the equation of motion and expressing it in cylindric coordinates, we obtain:
This is a system of fourth order. The numerical integration of this system would provide us with the evolution of r(t) and θ(t), given the functions Λ and φ(t) and certain initial conditions. It can be noted that the attitude of the tether and the motion of the center of mass are not independent.
The goal of this section is to derive a complete set of equations of motion in terms of the osculating values of h, e, θ and α, α being the longitude of the periapsis. In order to do that, we start by rewriting the acceleration of the center of mass of the tether:
The time variation of the specific angular momentum can be obtained from its definition h = r × v.
Substituting r = h 2 /(µ(1 + e cos θ)), the final expression for the modulus of the derivative of the specific angular momentum is:
On the other hand, considering the definition of the eccentricity e = − r/r − ( h × v)/µ, and taking its derivative with respect to time, we obtain:
In the perifocal reference frame, the expression of the eccentricity is e = e u 1 , being:
Differentiating the previous expression leads to:
Identifying equations (14) and (16), the result turns out to be:
where the functions P 2 and P 3 have been defined as:
1 + e cos θ − tan φ sin θ P 3 (θ, φ, e) = 2 e + tan φ e tan θ − cos θ 1 + e cos θ At last, it is necessary to establish the relation between true anomaly and time. Differentiating the expression of the velocity in cylindrical coordinates, we reach the formula for the variation of the true anomaly with time:
where the function P 4 is defined as follows:
P 4 (θ, φ, e) = sin φ + cos φ tan θ 2 + e cos θ 1 + e cos θ − (e + cos θ) 2 e + tan φ e tan θ − cos θ
Gathering the results in a system of equations, we have a new system of fourth order:
Non Dimensional Formulation The utilization of non dimensional equations instead of the dimensional ones is desirable since it allows to define the main parameters involved in the capture process. We will use h c = h 0 , the initial value of the specific angular momentum, as its characteristic value. Regarding the characteristic time, there are two possible choices, in one hand, the angular velocity of the sideral rotation of Jupiter, Ω, and on the other hand, the time related to the orbital motion, τ c = h 3 0 /µ 2 . We will use τ c as the characteristic time calling γ the relation between both times: γ = Ω τ c . Using that variables, the non dimensional equations of motion can be expressed as follows:
is a non dimensional value. The initial conditions needed to integrate the system (24-27) are:
And the initial true anomaly fulfilling the constraint (from E m = 0):
In some situations, it can be useful to express the system as a function of the true anomaly instead of the non dimensional time, since that allows to restrict the integration to the drag arc. As τ does not appear explicitly in the dynamic equations, the true anomaly will be used as the independent variable using the relation:
(1 + e cos θ) 2 ĥ9 +Λ i av (1 + e cos θ) 4 P 1 P 4
This formula can be used provided dθ/d τ is not canceled. This situation is extreme, undesirable and unlikely to happen. Eventually, the final expression for the dynamic equations is found to be:
With the initial conditions:ĥ
ATTITUDE DYNAMICS
From the expressions obtained in the previous section, it can be noted that the attitude plays an important role in the motion of the center of mass. It is, therefore, compulsory to study the attitude behavior of the tethered systems. This paragraph is intended to present the attitude dynamics in a comprehensive way considering two possible situations: non rotating and rotating tethers.
Non Rotating Tethers
The equation which governs the attitude dynamics is the equation of the angular momentum
where the angular momentum can be expressed as a function of the angular velocity and the inertia tensor: L G =Ī G • ω. In turn, the angular velocity is related to the unitary vector u in the tether direction, assuming the tether is a rigid body and remains straight: ω = u×˙ u+( ω· u) u. Therefore, the equation (33) can then be rewritten as:
The torques considered in this work will be the gravity gradient and the electrodynamic torque. The momentum due to the gravity forces is analyzed in first place. It can be established as:
where r and r G are the position vector of each mass element and the center of mass of the tether, respectively, and Ω 0 is the volume of the whole system. Considering r = r G + s with | s| ≪ | r G |, the first approximation of the gravity gradient is as follows:
Expressing the vector u in the inertial reference frame: u = cos ψ i + sin ψ j, the vector product u ×¨ u is a function of the angle ψ:
On the other hand, naming r G = r G u r , the identity u r = ( u r · u) u + u × ( u r × u) allows to write:Ī
The gravity torque can be, therefore, expressed as:
Taking into account that u r = cos(α + θ) i + sin(α + θ) j, the final expression for the equation of the angular momentum is stated as:
In terms of the angle φ (related to the rotating radial frame), using the identity ψ = φ + α + θ, the equations take the form:φ
On the other hand, the electrodynamic torque due to the Lorentz force acting over the tether can be computed as:
Considering the previous definition of the electrodynamic force (7) and assuming the same hypothesis used to simplified its expression in the previous analysis, we obtain:
With respect to the derivation of the force, there is a slight difference regarding the intensity, since the value of the integral is no longer the average value but the first momentum of the current profile.
That yields the following relation:
The value of the moment of inertia as a function of the parameters of the geometry of mass is gathered in (2) . Introducing this expression and the term of the electrodynamic torque in the attitude equation, we finally obtain:
As it was made for the motion of the center of mass, the equation of the attitude dynamics can be expressed in non dimensional form. Using the same characteristic magnitudes, the results are gathered in the following lines. Describing the attitude by means of the inertial angle ψ:
(1 + e cos θ) 3
(1 + e cos θ) 6
or in terms of the angle φ:
Rotating Tethers
The attitude equations which govern the motion of the rotating tethers are the same as we have already seen in the previous paragraph for non rotating tethers. Nevertheless, it is possible to perform a qualitative analysis of their behavior as a function of its period of rotation T rot , which constitutes another dynamical characteristic time. Depending on the ratio τ c /T rot , the possible cases are between two extremes: slowly rotating tethers τ c ≪ T rot and rapidly rotating tethers τ c ≫ T rot . The former can be handled assuming the tether is non rotating and using the relations gathered in the previous paragraph. In the latter, some considerations can be made about the nature of the attitude motion.
The constraint that must be fulfilled to apply the fast rotating tether approximation, τ c ≪ T rot , is equivalent to assume that the angular velocity in non dimensional variables is d ψ/d τ ≫ 2 π, since
On the other hand, due to the orders of magnitude of the derivatives of the state variables are:
the relation among the derivatives respect to time of the variables responds to
In this situation we can assume that
d τ and d φ/d τ is nearly constant in the interval of time ∆τ = π/ (dφ/dτ ). Hence, an average in the tether orientation angle will equal the time average 6 in the interval ∆τ and the state variables are approximately constant during that interval. All these considerations yield to the formulation of the averaged attitude equations for fast rotating tethers.
where <> stands for the average value in a revolution, while the initial, ψ 0 , and final, ψ f , values of the integrals correspond to the angles where the value of E m vanishes, which is equivalent to the solutions of the non linear equation P 1 ≡ 0. Besides, the value of ∆ψ is equal to ψ f − ψ 0 , and providing P 1 (ψ,ĥ, e, α, θ; γ) = 0 ⇒ P 1 (ψ + π,ĥ, e, α, θ; γ) = 0 we will have ∆ψ = π.
Therefore, the variation in the angular velocity of fast rotating tethers depends only on the electrodynamic torque, i.e., the geometry of mass of the system as well as the tether current profile. In Sanmartin et al. 6 , a similar result is achieved, drawing an interesting conclusion for a tether with equal end masses and no electric load: the Lorentz torque is continually antiparallel to the spin of Jupiter, and, consequently, the tether should enter the drag arc with a negative spin respect to the Jupiter angular velocity since, otherwise, the Lorentz torque could brake the tether spin preventing the tether to have the suitable attitude to perform the capture.
Averaged Equations For fast rotating tethers, the integration of the system of equations (24-27) along with (43) leads to a stiff problem with two extremely different characteristic times. In order to deal with this situation, the averaged equations of the motion of the center of mass can be derived in the same way as the attitude equations for this kind of systems, providing the conditions (45) are fulfilled.
cos θ 2 + e cos θ 1 + e cos θ − (e + cos θ) 2 e − cos θ
Where the following notation have been used:
To compute their value it is necessary to solve the non linear equation P 1 (ĥ, e, θ; φ) ≡ 0 in each position determined by (ĥ, e, θ). The condition ∆ψ = ψ f − ψ 0 = π has been taken into account as well.
CONTROL ON NON ROTATING TETHERS
While for rotating tethers attitude is not an important issue, as it has been seen before, for non rotating tethers this constitutes a matter of the first relevance. That is due to the fact that having the right orientation is compulsory to complete the capture manoeuvre successfully. In this section, the feasibility of obtaining the desired attitude without using external means is explored.
Assessment of Control Authority
The first question addressed is whether or not the electrodynamic torque is able to keep the attitude of the tether controlled. Therefore, the required control torque and the operational limits of the electrodynamic torque will be analyzed to eventually compare the both of them.
Needed Torque
The attitude dynamics are governed by equation (44) in terms of the angle φ. To evaluate the torque needed to maintain a prefigured attitude profile, we will consider the function:
(1 + e cos θ) 3 h 6 sin (2φ) κĥ 13 (τ )
According to the equation (44) the needed torque can be written as:
The function G(τ ) can be obtained as a result of the integration of the equations of motion for a given attitude profile φ(τ ). It should be noted that this expression is only valid for P 1 ≥ 0, i.e., only along the arc where it is possible to generate drag. On the other hand, χ and Γ are functions of the geometry of mass of the system. And consequently, the function F Is = 3 sin 2 (2 χ) − 2 Γ is easily computed given the values of the end masses m 1 and m 2 and the tether mass m t . The values corresponding the self-balance configurations (with χ ∈∼ [40 o , 50 o ]) vary between 1 and 3. Accordingly, the influence of this factor is not expected to be determinant in the controllability.
On the other hand, the function G(τ ) must be computed as a result of the integration of the equations of motion. A reference case is chosen to perform the above-mentioned integration, characterized by the following parameters:
Periapsis radius (initial hyperbolic trajectory) Additionally, an attitude profile should be established. We will consider three cases regarding the suitability from the point of view of the electrodynamic forces which can be generated.
• φ = 0. The tether is pointing continuously toward Jupiter.
• ψ = 0. The tether keeps a fix inertial orientation.
• u· v rel = 0. The tether is forced to be perpendicular to both the relative velocity to the plasma and the magnetic field.
The results obtained are shown in the last paragraph of this section.
Electrodynamic Torque In the equation (51), the left term depends on the intensity profile along the tether. In fact, i m1 is the non dimensional first order moment of the intensity respect to the center of mass, i.e.:
where:
To compute the values of U 1 and U 2 , it is necessary to solve the two boundary value problem for the intensity i(ξ) as it is exposed in Peláez and Sanjurjo-Rivo 13 . With that formulation, U 1 and U 2 are:
We are interested on the operational limits of the control, being Ω t = 0 and Ω t → ∞. In the first case, Ω t = 0, we have ϕ C = 0, ℓ t = ξ B and therefore:
In the second case, we have i C = 0 and v T = v 0 , and then:
In the next paragraph the limits i m1 (Ω t = 0) and i m1 (Ω t → ∞) are plotted in the same graphs as the needed values i need m1 as functions of ℓ t and τ . We can conclude that none of the control laws can provide the needed torque to keep the prefigured attitude while the electrodynamic tether is operative. Furthermore, the electrodynamic torque is only available during the drag arc, and therefore there is no compensating torque outside the drag sphere.
Control Solution
From the results exposed in Scheeres et al. 14 and Scheeres 15 , the change in angular momentum during an equatorial flyby will only have a component along the z-axis proportional to sin 2(ω + Ω). We can cancel this term by means of making the x-axis of the tether fixed reference frame at the periapsis point towards the center of mass of the planet, where the x-axis in the body fixed reference frame is defined to lie along the axis of minimum momentum of inertia. That is, the tether should be aligned with the local vertical in the periapsis passage.
As a first step we will analyze the motion of the tethered system when the electrodynamic forces are not present. Our objective will be to obtain a solution which fulfill the condition of keeping To get the necessary initial condition in the angle ψ to keep the tether non rotating, the equation (43) should be solved with these boundary conditions:ψ
One relevant issue in this approach is where the initial condition is considered to be. Since the angle which defines the asymptote of the hyperbola is θ a = arccos(−1/e), where e is its eccentricity, the initial angle θ 0 must be a fraction of θ a . The solution can vary slightly when different values of θ 0 are considered. When we take θ 0 = 0.99 θ a , the initial angle ψ 0 which provides no change of the angular momentum is: ψ 0 ≈ −57.2 o . In Figure 5 the solution along the whole trajectory is represented in terms of the inertial angle and the non dimensional angular velocity. The result shows the profile of the inertial angle is antisymmetric respect to θ = 0. Furthermore, the value of ψ is close to 0 in the neighborhood of the periapsis (being exactly zero in the periapsis) which represents a convenient profile in terms of the generation of electrodynamic force. In turn, the desired final value of the angular velocity has been obtained. Nevertheless, it experiences a large excursion reaching its minimum at the periapsis and being its profile symmetric respect to θ = 0.
Other aspects that should be assessed include the sensitivity of the solution which has been obtained. In Figure 6 the evolution of the inertial angle and the non dimensional angular velocity is presented when the initial condition in ψ is modified by 1% and compared to the nominal solution. From the results of Figure 6 , we can conclude that slight initial deviations from the nominal value in the initial angle yields an important difference in the final non dimensional angular velocity.
Finally we should explore the situation when electrodynamic forces are considered. A comparison between the nominal solution and the capture trajectory is presented in Figure 7 . The initial angle ψ 0 is the same in both cases. The control variable Ω has been set to zero during the whole drag arc. As it can be noted in Figure 7 , the effect of the electrodynamic torque during the drag arc has an effect of the same order as the small perturbations in the initial value of the inertial angle ψ.
The electrodynamic torque can be controlled using the free parameter Ω t as a control variable. In particular, we can cancel the value of the electrodynamic torque adjusting the value of Ω t to Ω SBET , the value of the non dimensional load for a self balanced electrodynamic tether (SBET) 16, 2, 1 . In fact, since the electrodynamic perturbation torque no longer affects the attitude dynamics, this control strategy will lead to an inertial angle profile identical to that showed in Figure 5 when the appropriate initial condition is chosen. Additionally, small variations of Ω t around Ω SBET can be performed to correct the attitude when the actual inertial angle differs from the nominal one.
THERMAL ANALYSIS
In Gallagher et al., 3 overheating of the tether turned out to be one of the limiting factors for Jupiter capture. That is the reason why we will carry out a thermal analysis to estimate the effect of the heating problem on the tether.
The energy equation determining the temperature T (s) of an element of tether length δs is
(55) where d t and h t are the width and thickness of the tether tape; ρ t , c t , ǫ t and K t are the tether density, specific heat, emissivity and thermal conductivity; σ B is the Stefan-Boltzmann constant (σ B = 5.68 · 10 −8 W/(m 2 K 4 )); and the contributions to the thermal energy are:
• Internal heating power,Q th δs. It is made of two contributions 6 , one due to the ohmic dissipation and other due to the impact of collected electrons:
where σ c is the resistivity of the tether, I(s) is the intensity and Φ is the bias between plasma and tether. Using the non dimensional variables defined in the study of the intensity along the tether I(s) = E m σ c d t h t i, Φ = ϕ E m L ⋆ and s = ξ L ⋆ , the result is:
• Jupiter infrared radiation,Q . The form of this contribution is 17 :
where F o is the view factor of the tether for Jupiter, and T is the black body temperature of Jupiter.
• Sun radiation,Q ☼ . The expression for the Sun radiation can be written as 17 :
where σ a is the tether absorption coefficient, Ψ is the shining factor and Φ ☼ is the solar flux.
• Jupiter albedo radiationQ A . Its intensity is given by 17 :
where τ A denotes the Jupiter albedo and ς represents the Sun-zenith angle, i.e., the reflection angle of Sun rays on Jupiter.
To evaluate the importance of each contribution, we will substitute (57-60) in (55), using the non dimensional variables η = s/L t and τ = t/τ c where τ c = h 3 0 /µ 2 . The latter is the characteristic time of the hyperbolic initial trajectory. This yields
The relation between both non dimensional lengths is ξ = ℓ t η. Using the values of the aluminum: density, ρ t = 2700 kg/m 3 ; specific-heat, c t ≈ 900 J/(kg K); thermal conductivity, K t ≈ 2.37 J/(m s K); resistance, σ c = 3.7668 · 10 7 1/(Ω m) and considering that τ c is in the interval τ c ∈ 5.4 · 10 3 , 14. · 10 3 s, the order of magnitude of the conductivity term in (61) is
Hence, we don't take this term into account hereafter. We are interested, in first place, in knowing the steady temperature before the capture manoeuvre. In that situation, the left term of the equation vanishes (by assumption the temperature does not vary) and there is no internal heating because the electrodynamic tether is switched off. Therefore, the stationary temperature T 0 :
The Jupiter's black body temperature is about T ≈ 110 K 18 and the solar flux at Jupiter is about Φ ☼ ≈ 50.5 W/m 2 18 . The values of other parameters which are involved are more difficult to specify. We will take approximations for all of them. The view factor F o can vary between 0 and 1; we will take F o ≈ 0.5 since it is a conservative limit for vertical tethers. 17 Besides, we neglect variations on the Jupiter albedo and we will consider an average value τ A ≈ 0.34 18 . The emissivity and the absorption coefficients of the aluminium are in the ranges: ǫ t ∈ [0.02 , 0.45] 17 and σ a ∈ [0.1 , 0.9] 17 . We then choose values ǫ t ≈ 0.4, σ a ≈ 0.5. Finally, we will consider the shining factor Ψ ≈ 0.5 and the Sun-zenith angle such that cos ς ≈ 0.5. In these conditions, the value of the stationary temperature before the capture manoeuvre is: T 0 ≈ 172 K. Further, we can neglect the variations of all these parameters during capture so that we can rewrite the equation (61) as follows:
where T (η, τ ) = T (η, τ )/T 0 . Since the conductivity along the tether is negligible, we are assuming that T (η, τ ) ≡ T (τ ). Then, we can integrate the equation along the tether. Considering that:
the final form of the energy equation will be:
Because of the definition of the non dimensional temperature T , the initial condition at the beginning of the capture manoeuvre T (0) = 1. One of the results which can be obtained from the equation (65) is an estimation of the maximum value of the temperature during the capture. Imposing the condition: dT /dτ = 0 yields to:
In Figure 8 the value of T max = T max T 0 is shown as a function of the periapsis radius of the initial hyperbolic trajectory, when we suppose the ideal case in the current collection problem: ϕ C = 0 and we consider the attitude is controlled in such a way that φ ≡ 0. The tether is made of aluminium and its length is 100 km, the total mass of the system being 3075.5 kg. Taking into account that the melting temperature or the aluminium is about 930 K, the periapsis of the initial hyperbolic trajectory should be greater than say 1.4 R for this particular tether. The measures we can implement to reduce the maximum temperature as well as the intensity are: increasing the value of r p , reduce the value of L t or h t . Since the intensity is lower along with the maximum temperature, it is more difficult to perform the capture. Additionally, there are other measures which can be taken affecting only the thermal analysis like: increasing the value of ǫ t , decreasing the value of σ a or performing the capture in such a way that the periapsis of the trajectory was shadowed by Jupiter (in such a case Ψ ☼ = 0 and ς = π/2). Even though these changes would have a minor effect.
Operational Limits
According to what has been said, it is possible to establish the operational limits of a specific tethered system concerning the maximum allowed temperature of the cable material. That constraint imposes an upper limit on the length of the tether, once the other parameters of the system are fixed. On the other hand, in order to perform a capture a minimum value of the tether length will be needed. Both restrictions allow to draw the parametric field where the capture can be carried out without reaching too high temperatures.
In Figure 9 , the operational limits for a specific non rotating tether are shown. The characteristics of the tether are: the cable is made of aluminium, its width is 3 cm and its thickness is 0.05 mm. The total mass of the system is the tether mass plus 500 kg. Moreover, a hypothesis has been made concerning the attitude dynamics, assuming the tether follows the nominal attitude defined in Figure 5 during the capture. Regarding the constraints, the maximum allowable temperature has been considered to be 80 % of the melting temperature of the aluminium, and besides the limit of the capture, curves showing the length needed to achieve final elliptical orbits with a period of 100 and 50 days has been represented as well. Figure 9 Operational limits of a tethered system performing a capture at Jupiter. The red line is the upper limit due to the maximum temperature the tether can reach (in this case, it has been considered the 80 % of the melting temperature). The black line corresponds to the lower limit needed to perform a capture, while the blue and cyan lines correspond to the length needed to obtain a final elliptical orbit with a period of 100 and 50 days, respectively.
As it can be observed, the margin of operation vanishes when the radius of periapsis is close to the radius of Jupiter and it is broader for larger values of that parameter. Nevertheless, as the radius of periapsis increases, the necessary lengths are also larger.
CONCLUSIONS
A derivation of a method to compute with accuracy the effect of the electrodynamic forces in a flyby of Jupiter has been carried out in this paper. This method accounts for both center of mass and attitude motion and it can be applied to other scenarios where low thrust is involved by simply changing the force model, e.g., aerodynamic drag. Nevertheless, it is especially well suited for the case of study in this work due to the great coupling between the attitude and center of mass dynamics.
Using the above-mentioned method, numerical simulations of the behavior of the tethered system can be performed easily and precisely. The results have been compared to those found in the literature and the possibility of complete a capture manoeuvre by means of only a electrodynamic tether has been corroborated. Furthermore, a new strategy is proposed to perform the capture. Accordingly, there are two main options to face the design of the tether manoeuvre from the point of view of its attitude profile: on one hand, rapidly rotating tethers with a spin pointing in the direction of the magnetic field at the equator and, on the other hand, a self-balanced non rotating electrodynamic tether with an attitude profile defined in Figure 5 . Both procedures present advantages and disadvantages which are summarized in what follows. The rotating tether concept does not need control to keep its operability and the tension required to maintain the cable straight is provided naturally by the centrifugal force. Nevertheless, it presents also drawbacks since the spin should be obtained by means of thrusters and the implementation necessary to change the direction of the current each half revolution is complex. In turn, the non rotating scheme has a better efficiency and less complexity from the point of view of the hardware. However, the control is compulsory and the needed tension to keep the tether tight considering the lateral forces that act on the cable requires further study. Finally, the operational limits for these strategies have been provided considering the thermal constraints and the characteristics of the capture. The results show that it is feasible to perform a capture with tethers of reasonable characteristics in broad areas of the field of parameters (mainly, v ∞ and r p ).
